Abstract. A novel approach for source detection via structural deviations from the typical features of a random background counts map is presented. Minkowski functionals, powerful tools from integral geometry, quantify the shape of level sets of a counts map. Compared to standard techniques, which use the total number of counts only, additional morphometric information is incorporated without the need for any prior knowledge about the source. Minkowski sky maps quantify local structural deviations; they localize and visualize potential sources.
Introduction. The standard analysis technique for source detection in γ-ray astronomy is based on the total number of counts [1] . If the excess of counts in the observed on-region is significant compared to the off-region, the detection of a source is claimed. While such statistics of the total number of counts have proven sufficient for the detection of point sources, the additional structural or morphological information contained in the counts maps can be beneficial to the detection of extended galactic γ-ray sources [e.g. 2, 3] .
The novel approach of source detection presented here incorporates the morphology without the need for any prior information about the source. The shape of the counts map itself is characterized and compared to the expected features of a random background counts map, i.e. the background shape. Instead of investigating and looking for an explicit shape of a source, any significant structural deviation is quantified. A detailed introduction to this new shape analysis in γ-ray astronomy can be found in Refs. [4, 5] .
Shape quantification. The shape analysis based on the Minkowski functionals area A, perimeter P and Euler characteristic χ has been successfully applied in statistical physics [6] [7] [8] [9] , for pattern analysis [10] [11] [12] and in astronomy for point processes in cosmology [13] [14] [15] and the cosmic microwave background [16] . A fundamental theorem by Hadwiger ensures robustness and comprehensiveness of a morphology analysis based on Minkowski functionals, in the following sense [17] : any functional which is defined on unions of convex sets and which is motion invariant, additive and at least continuous on convex sets is a linear combination of Minkowski functionals; black and white pixel images can for example be represented as the union of quadratic bins, i.e convex sets.
In order to quantify the shape of a counts map, which is a gray scale image, thresholding procedure turns it into a black and white image, i.e. a bin is set to black, if its number of counts k is larger or equal than a chosen threshold ρ -see Fig. 1 (a,b). For the black bins the Minkowski functionals are evaluated. For planar images these are the area A, the perimeter P and the Euler characteristic χ -a topological constant. They characterize the shape as a function of the threshold ρ [10] . The outside of the observation window is here considered to be white. Minkowski functionals are robust against noise and can be computed by linear time algorithms [8, 12] .
Global null hypothesis.
A homogeneous Poisson random field is chosen as a background model. This is justified by the fact that in very high energy γ-ray astronomy the bulk part of the background is caused by hadrons which arrive at earth in a uniform flux from every direction. The number of counts in each bin of the map is a random number following a Poisson distribution with intensity λ. At a threshold ρ, a bin is set to black, if the number of counts k ≥ ρ. The probability for a black bin is thus given by
The probability distribution P for a Minkowski valuation X ∈ {A, P, χ} has to be determined for each threshold ρ or each probability p ρ , respectively. These probability distributions derived for a purely random Poisson process describe the background shape -see Fig. 2 (a) . The null hypothesis is that there are only background signals. Following Ref. [18] a most efficient hypothesis test can be constructed: the compatibility C of a given counts map with the background shape is defined as
which is the probability to find an at least as unlikely shape in a purely Poisson random map -see also Fig. 2 (b) . The null hypothesis is rejected, if the compatibility is less than 0.6 · 10 −6 , which is the compatibility of a normal distribution at a deviation of 5 σ. Relating the deviation of a normally distributed random number to its compatibility according to Eq. (1), allows for a conversion between compatibility C and standard deviation σ. For convenience, the deviation strength D := − log 10 (C) is defined -see also Fig. 2 (c) . It quantifies the lack of trust in the null hypothesis for each threshold ρ. The whole shape analysis is summarized and visualized in Fig. 3 .
Local Minkowski sky maps. Minkowski functionals represent averages over the entire image and allow a global null hypothesis test. The Minkowski sky map is defined to quantify local shape deviations. It hence localizes and visualizes a potential source. The main idea is to restrict the analysis to a small sliding window. The maximum deviation strength for all thresholds ρ is assigned to the central bin of the sliding window -see Fig. 4 .
Taking the maximum increases the probability of a background fluctuation; a trial factor has to be introduced. If N 2 is the number of bins, a conservative estimate is to assume N 2 independent trials. The compatibility is multiplied with N 2 , thus −2 log 10 N is added to the deviation strength. Figure 4 allows only a qualitative comparison between Minkowski sky map (c) and significance map (d), which is constructed following Refs. [1, 19] . A more detailed discussion is given in Ref. [5] .
The Minkowski sky map is as useful as a significance map and in qualitative good agreement. The information about the area is comparable to that about the total number of counts. The additional shape information can be incorporated via a multivariate probability distribution of the three functionals. Outlook. Minkowski functionals quantify the shape of a counts map and incorporate morphometric information without any prior information about the source. Structural deviations from the expected background shape enable the detection of a source. Detector effects and nonuniform background components can be corrected for in a uniform manner [4] . A more detailed introduction to the Minkowski functional shape analysis [5] and the possible gain in sensitivity goes beyond the scope of this paper and will follow in future publications.
